The mitogen-activated protein kinases (MAPKs) ERK-1 and ERK-2 are activated by a wide variety of oncogenes and extracellular stimuli. The MAPKs participate in a signalling cascade downstream of growth factor/cytokine receptors, Ras, Raf, and MEK. However, MAPK activation is more complicated than a simple linear pathway, and the evidence presented here supports a model of multiple, temporally distinct pathways converging on MAPK which are dierentially utilized by various stimuli and cell types. In addition to MEKdependent MAPK activation, we provide evidence for MEK-independent regulation of the MAPKs. Our results suggest that phosphatidylinositol-3-kinases (PI(3)K) or conventional protein kinase C isoforms (cPKCs) partially contribute to MEK-dependent activation. Importantly, we also ®nd that PI3K and cPKCs play a major role in the MEK-independent, prolonged MAPK activation by platelet-derived growth factor signalling. This ®nding is of interest as the maintained activation of MAPK has been correlated by others to the regulation of cell proliferation and dierentiation.
Introduction
The mitogen-activated protein kinases (MAPKs) are serine/threonine kinases which require phosphorylation on both a threonine and a tyrosine residue for their activation. The ®rst MAPK isoforms to be cloned and characterized were the extracellular-signal regulated kinases 1 and 2 (ERK-1 and ERK-2) (Boulton et al., 1990 (Boulton et al., , 1991 . ERKs 1 and 2 were found to be activated by a family of dual speci®city kinases known as the mitogenactivated/extracellular-signal regulated kinase kinases, or MEKs, and further analysis of the MAPK-regulating signals placed MAPK in an apparently linear signalling cascade downstream of growth factor receptors, adaptor proteins, guanine-nucleotide exchange factors, ras, raf, and MEK, most of which are capable of cellular transformation when aberrantly controlled (reviewed in Marshall, 1995 and references therein) .
The MAPKs are activated by a wide variety of cellular agonists. Indeed, within a single cell type, dierent growth factors, acting through receptor tyrosine kinases, stimulate the MAPK pathway, yet produce dierent end results. The classic example is in PC12 cells treated with epidermal growth factor (EGF) or nerve growth factor (NGF). EGF promotes growth, whereas NGF promotes cell dierentiation into sympathetic neuron-like cells and the cessation of cell growth. Although the MAPK cascade is activated in both cases, it is currently believed that dierences in the timing of MAPK activation may be important determinants in the cell fate decision making process (Marshall, 1995) . Another example is in Swiss 3T3 ®broblasts where EGF and PDGF both activate the MAPK pathway but EGF is a relatively weak mitogen compared to PDGF (Rozengurt, 1986 ). This response can be correlated with the prolonged activation of MAPK by PDGF as opposed to its transient activation by EGF. Thus, understanding what signalling pathways are responsible for the prolonged or maintained activation of MAPK is of great importance.
We have previously shown that the activation of another family of serine/threonine kinases, the 70/ 85 kDa S6 kinases (collectively referred to as pp70 S6k ) is mediated by two distinct signals, one involving phosphatidylinositol-3-kinase (PI(3)K) and the other conventional protein kinase C isoforms (cPKCs). Identi®cation of these signals as pp70
S6k regulators was a result of studies using growth factor receptor mutants and pharmacological agents which enabled the analysis for the requirement of particular signalling pathways for pp70
S6k stimulation (Chung et al., 1994; Monfar et al., 1995) . Here we examine the possible involvement of PI(3)K and cPKC in regulating the MAPK pathway and investigate the point of signal divergence between the pp70 S6k and MAPK pathways. This divergence must take place downstream of PI(3)K and cPKC since, as we show here, they both contribute to pp70
S6k and MAPK activation. In characterizing the role of PI(3)K and cPKC in MAPK regulation by PDGF, EGF, insulin, ®broblast growth factor (FGF), serum, interleukin-2 (IL-2), or vanadate, we have found that like pp70
S6k regulation, the contribution of these signalling molecules to the activation of MAPK depends on the mitogen and cell type used. Importantly, further characterization of the PDGF-dependent regulation of MAPK in Swiss 3T3 ®broblasts reveals for the ®rst time that the prolonged activation of MAPK is mediated by PI(3)K and cPKCs and is independent of the activation of MAP kinase kinases or MEKs.
Results

Characterization of PDGF-dependent pp70
S6k activation
We have previously shown that PDGF-dependent activation of pp70
S6k
is mediated by PI(3)K and phospholipase C-gamma (PLC-g), an upstream activator of cPKCs (Chung et al., 1994) . In addition to genetic experiments (Chung et al., 1994) , the dependence of pp70 S6k activation on PI(3)K and cPKCs can also be demonstrated by the ability of PI(3)K and cPKC inhibitors to abrogate pp70 S6k stimulation. We have previously examined the eects of these antagonists at single time points and not throughout the activation time course. Here we show that PDGFdependent activation of pp70 S6k is completely blocked by the combined inhibition of PI(3)K with the drug wortmannin and cPKCs by chronic phorbol ester treatment (referred to as cPKC downregulation) (Figure 1) . pp70 S6k and MAPKs are activated by many of the same stimuli, but are believed to lie on separate signalling pathways. For this reason, we examined MAPK activation in these same cells to see if it's stimulation is independent of PI(3)K and cPKCs or if the divergence of the pp70
S6k and MAPK pathways lies elsewhere.
Wortmannin and cPKC downregulation antagonize the later phase of PDGF-dependent MAPK activation in Swiss 3T3 ®broblasts MAPK activation by PDGF exhibits a biphasic response pro®le consisting of a strong, rapid phase followed by a more sustained phase. Indeed, the kinetics of the sustained portion of the MAPK activation are similar to the activation kinetics of pp70
. A MAPK activation timecourse reveals that wortmannin has no eect on the early phase of MAPK activity, but has a considerable eect on the late phase, as shown by both kinase assays and western analysis (Figure 2 ). cPKC downregulation, while slightly eecting the early activation, strongly inhibits the late MAPK stimulation. The combination of wortmannin and downregulation causes complete inhibition of the late MAPK activity (post 15 min), but only weak inhibition of the early activity. This observation suggests that PI(3)K and cPKCs, while only partially contributing to the initial PDGF-dependent MAPK activation, are essential for the maintenance of the MAPK stimulation. Interestingly, the relative contribution of PI(3)K and cPKC towards pp70
S6k is the reverse of that towards the late MAPK activation in these 3T3 ®broblasts.
Role of PI(3)K and cPKCs in MAPK activation by a variety of stimuli To determine if the results obtained with PDGF represent a general mechanism for MAPK regulation by other mitogens and in other cell types, MAPK activation by IL-2, insulin, EGF, FGF, serum, and vanadate was examined.
The modest MAPK activation in IL-2 stimulated T cells (Monfar et al., 1995) is completely sensitive to wortmannin (Figure 3a) . Consistent with this data, it has been demonstrated in our lab that deletion of the IL-2 receptor region required for PI(3)K activation also abrogates IL-2-induced MAPK activation (M Monfar and J Blenis, unpublished) . MAPK activation in insulin treated ®broblasts is partially inhibited by wortmannin ( Figure 3b ). Chronic phorbol ester treatment has no eect on either the wortmannin-sensitive or -insensitive MAPK activations (data not shown), consistent with the ®ndings of others that insulin stimulation of MAPK is via a cPKCindependent pathway (Yang and Farese, 1993) .
Wortmannin and chronic phorbol ester treatment both partially inhibit MAPK activation in Swiss 3T3 as well as NIH3T3 ®broblasts treated with EGF ( Figure  3c ), FGF (data not shown), vanadate (data not shown), and serum (data not shown). However, as seen for PDGF, and in contrast to what is observed for pp70 S6k activation (data not shown), a portion of the MAPK activation by all of these stimuli is still resistant to the combined eects of the inhibitors.
In addition, phorbol ester-dependent stimulation of MAPK is completely sensitive to cPKC inhibition but insensitive to wortmannin (data not shown), consistent with the independent eects of the two inhibitors.
The PI(3)K dependence for all the relevant mitogens mentioned was con®rmed by the use of another structurally unrelated PI(3)K inhibitor, LY294002 (Vlahos et al., 1994) (data not shown).
Analysis of the involvement of MEK in PDGF activation of MAPK
It has been previously shown that MAPK (ERKs 1 and 2) can be directly activated by the MAP kinase kinase, MEK (MAPK/ERK-activating kinase) (Crews and Erikson, 1993) . To further characterize the mechanism of MAPK inhibition by wortmannin and cPKC downregulation, we chose to look at PDGFdependent activation of MEK-1. The activation pro®le of MEK-1, as monitored by immune-complex assays, shows a rapid stimulation which peaks at 5 min and rapidly decreases with no detectable activity remaining by 15 min (Figure 4a ). Wortmannin and cPKC downregulation inhibit over 85% of the peak activity.
Since our immune-complex assay only measures MEK-1 activity, the total MEK activity towards kinase-inactive ERK-1 (i.e. total phosphotransferase activity towards inactive MAPK) in whole cell lysates was analysed for magnesium-dependent (Figure 4b ), as well as manganese-dependent activity (data not shown), and reveals identical results as that seen for MEK-1 immunoprecipitations.
The MEK kinetics reveal several interesting points. Whereas the majority of early PDGF-dependent MAPK activation is insensitive to wortmannin and chronic phorbol ester treatment, the majority of the MEK activity is sensitive to these inhibitors. Either the small but reproducible amount of MEK activation that is insensitive to these drugs is sucient to strongly activate MAPK, or else the early drug-insensitive MAPK activity is independent of MEK activation. A second point is that the drug-sensitive late phase of MAPK activation does not correlate with any detectable MEK activity, suggesting a MEK-independent MAPK stimulating pathway responsible for the prolonged MAPK activation.
Recently, a synthetic inhibitor of MEK was identi®ed (Dudley et al., 1995) and concentrations of this drug, PD098059, that have been previously shown to inhibit MEK activity in vitro and in vivo were used to further address the involvement of MEK in MAPK activation. The drug inhibits almost all of the early (5 min) PDGF-dependent MAPK activity when MEK Figure 3 Dierential utilization of wortmannin-and cPKC downregulation-sensitive pathways by IL-2, insulin, and EGF. MAPK activity was measured in CTLL-20 T cells stimulated with 100 U/ml IL-2 (a), NIH3T3 cells stimulated with 100 nM insulin (b), or Swiss 3T3 cells stimulated with 2.5 ng/ml EGF (c) for the times shown, with or without wortmannin (W) or cPKC downregulation (DR) pretreatment. MAPK activity in unstimulated cells is also shown (ns). Results are representative of at least three independent experiments for each mitogen is known to be active, but only weakly inhibits the later activity that occurs in the absence of detectable MEK kinase activity. This late activity strongly peaks at ten minutes and declines with the same kinetics as in control untreated cells (Figure 5a ). This late activity that was insensitive to the MEK inhibitor is strongly inhibited by cPKC downregulation and completely sensitive to the combination of wortmannin and cPKC downregulation (Figure 5b ). These results are not due to an artifact of when the MEK inhibitor is administered since shorter or longer incubations with the drug yield the same result (data not shown). This pharmacological data is consistent with a model for the early (5 min) activation of MAPK that is insensitive to wortmannin and cPKC downregulation being due to the small amount of MEK activation that is not antagonized by these drugs (Figure 4) . Therefore, the early phase of MAPK activation is mostly MEKdependent. In addition, the results are also consistent with the late phase of MAPK activation being MEKindependent but sensitive to the inhibition of PI(3)K and cPKCs.
Kinetic characterization of MAPK phosphorylation
The results from the previous experiments (i.e. rapid and transient MEK activation, but rapid and prolonged MAPK activity) is consistent with a regulated MAPK phosphatase being involved in the prolonged MAPK activation kinetics. Our results, indicating a role for PI(3)K and cPKCs in the prolonged activation, also suggest the possibility that these signalling molecules negatively regulate potential MAPK phosphatases. As a ®rst step to address this hypothesis, we carefully characterized the phosphorylation state of MAPK following PDGF addition. MAPK is activated by phosphorylation on speci®c threonine and tyrosine residues (Payne et al., 1991; Ray and Sturgill, 1988) and although activation requires phosphorylation of both sites, dephosphorylation of either site inactivates these enzymes. Analysis of the phosphorylation status of PDGF-activated MAPK following wortmannin and cPKC downregulation might reveal whether the dephosphorylation of either threonine, tyrosine, or both correlated with the inactivation seen and might implicate the type of phosphatase involved. Analysis of the PDGF-stimulated phosphorylation of both ERK-1 and ERK-2 (measured independently) shows that the kinetics of phosphorylation and dephosphorylation parallel the kinetics of activation and inactivation, respectively (data not shown), suggesting that the threonine and tyrosine phosphorylations are removed concomitantly. This was con®rmed by phosphoamino acid analysis which shows simultaneous threonine and tyrosine phosphorylation and dephosphorylation ( Figure 6 ). The serine phosphorylation does not change throughout the timecourse (data not shown), in agreement with previously published data (Payne et al., 1991; Ray and Sturgill, 1988) .
Evidence for a regulated MAPK inactivating activity
To further examine the possible causes for the sustained MAPK activity, we developed an assay to determine if there is a MAPK inactivating activity that is inhibited upon PDGF stimulation and which might be responsible for the MEK-independent prolonged MAPK activation. To do this, bacterially expressed GST-ERK1 was activated in vitro, and this highly active ERK-1 kinase was incubated with lysates from cells that were quiescent or stimulated with PDGF for 30 min in the presence or absence of PI(3)K and cPKC inhibitors. Subsequent puri®cation and analysis of GST-ERK 1 activity showed that, whereas GST-ERK 1 incubated with lysates from PDGF-stimulated cells retains as much activity as does control GST-ERK 1 incubated with lysate buer alone, the GST-ERK 1 incubated with lysates from quiescent cells or PDGFstimulated cells pretreated with inhibitors loses considerable activity (Figure 7 ). This result suggests that an ERK inactivating activity exists in quiescent cells and diminishes upon mitogen stimulation. Consistent with our hypothesis, wortmannin and cPKC downregulation treatments prevented the mitogen-regulated disappearance of the ERK inhibiting activity. Similar results are obtained using endogenous immunoprecipitated active ERK-1 as a substrate for this inhibiting activity (data not shown).
Using the GST-ERK 1 assay, we determined if the kinase inhibition paralleled kinase dephosphorylation, as would be expected if a phosphatase is responsible for the ERK inhibition. However, using various assay conditions, we have as yet been unable to detect a growth-regulated ERK dephosphorylating activity using the dierent lysate conditions outlined above. Figure 7 A PDGF-regulated ERK-1 inactivating activity is present in unstimulated lysates. Active GST-ERK 1 was incubated with lysates from Swiss 3T3 cells not stimulated (ns) or stimulated with 20 ng/ml PDGF-BB for 30 min(s) with or without cPKC downregulation (DR) and wortmannin (W) pretreatments. As a control, GST-ERK 1 was incubated with lysis buer alone (lb). GST-ERK 1 was then puri®ed and assayed for kinase activity. Results shown are representative of four independent experiments Therefore, although our data supports a MAPK inactivator that is negatively regulated by PDGF, we have yet to identify a negatively regulated MAPK phosphatase.
Discussion
The aim of this report was to begin to de®ne the various signalling systems responsible for the initiation and maintenance of MAPK activation which is believed to correlate with cell cycle progression, oncogenesis, and in some cases, cellular differentiation. Using various approaches, we have provided evidence that in Swiss 3T3 ®broblasts, the prolonged MAPK stimulation by PDGF is largely MEKindependent and greatly dependent on cPKC isoforms sensitive to phorbol ester-mediated downregulation and partially dependent on wortmannin-sensitive PI(3)Ks (see Figure 8 ). Preliminary data suggests that the MEK-independent prolonged activation may be regulated by cPKC/PI(3)K-mediated inactivation of a MAPK inhibitor. Future studies will determine the nature of this inhibitory activity.
In addition to the prolonged activation of MAPK by PDGF in Swiss 3T3 ®broblasts, the rapid activation is insensitive to wortmannin, partially inhibited by downregulation, but largely dependent upon MEK activation as suggested by the use of the MEK inhibitor. Thus, MEK activation is particularly important for the initiation of MAPK activation by PDGF.
We also show that chronic phorbol ester treatment partially inhibits MAPK activation in response to EGF, vanadate, and serum, and completely inhibits MAPK activation in response to PMA. However, chronic phorbol ester treatment has little eect on MAPK activation in response to IL-2 or insulin. These latter results agree with the inability of these mitogens to activate cPKC isoforms. Therefore, the target of chronic phorbol ester treatment is most likely the cPKC family which has already been linked to MAPK activation (Kazlauskas and Cooper, 1988; VanRenterghem et al., 1994) .
Our studies suggest that PI(3)K plays a role in MAPK activation in response to multiple mitogens based on the ability of PI(3)K-speci®c inhibitors (wortmannin and LY294002) to antagonize MAPK stimulation. The drug concentrations that were used have been previously shown to speci®cally inhibit PI(3)K in vivo. These inhibitory eects are demonstrated here in CTLL-20 T-lymphocytes, NIH3T3, and Swiss 3T3 ®broblasts. Others have demonstrated wortmannin eects on MAPK in CTLL-2 (Karnitz et al., 1995) , L6 rat muscle (Cross et al., 1994) , chinese hamster ovary (Welsh et al., 1994) , and guinea pig neutrophil (Ferby et al., 1994) cell lines, but to our knowledge, this is the ®rst described analysis of the eects of this drug in eecting the temporal kinetics of MAPK activation. In particular, this is the ®rst detailed analysis of the eects of PI(3)K inhibition on the maintenance of PDGF-dependent MAPK activation. Indeed, the controversy of the potential involvement of PI(3)K in MAPK regulation may be due in part to the timing of lysate preparation following mitogen stimulation.
With regards to PDGF signalling in Swiss 3T3 ®broblasts, the regulation of MAPK is considerably dierent from that of pp70
S6k
. First, the wortmanninsensitive (PI(3)K-mediated) pathway contributes to pp70
S6k to a much greater extent than the downregulation-sensitive (cPKC-mediated) pathway. This is the opposite of that observed with MAPK activation. Second, pp70
S6k activation is completely dependent on these two signals whereas MAPK activation by PDGF appears to be mediated by a wortmannin-and cPKC downregulation-insensitive pathway as well. Finally, the kinetics of activation dier, however, it is worth noting that the wortmannin-and cPKC downregulation-sensitive MAPK activation kinetics parallel the pp70 S6k activation kinetics. These studies illustrate the complexity of MAPK, as well as pp70 S6k , regulation. Multiple pathways may be dierentially utilized by various mitogens and various cell types, possibly determining the amount and duration of MAPK and pp70
S6k activity, which in turn may confer speci®city upon the cellular response. Understanding which pathways are stimulated by distinct mitogens, or blocked by distinct growth inhibitors, will be essential for understanding specificity determinants for cellular responses to these extracellular stimuli.
Materials and methods
Reagents
Tissue culture media, sera, media additives, platellet derived growth factor-BB, and insulin were purchased from GIBCO (Grand Island, NY). Wortmannin, phorbol 12-myristate 13-acetate (PMA), Nonidet P-40, B-mercaptoethanol, pepstatin, leupeptin, penicillin-streptomycin solution, sodium orthovanadate, dimethyl sulfoxide have not yet examined their sensitivities to these inhibitors. In addition, the mechanism by which the PI(3)K and cPKC pathways regulate upstream of MEK as well as independent of MEK is not established here. The signals from cPKC are presented in bolder print to re¯ect our observation that in this system they contribute more signi®cantly to MAPK regulation than does PI(3)K (DMSO), sodium dodecyl sulfate (SDS), heat-stable cyclic AMP-dependent protein kinase inhibitor (PKI), sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA) and bovine serum albumin (BSA) were purchased from Sigma (St Louis, MO). Glutathione-sepharose 4B was purchased from Pharmacia (Piscataway, NJ). Enhanced chemiluminescence reagents were purchased from Amersham (Amersham, England). Recombinant IL-2, LY294002, and PD098059 were kindly provided by MK Gately (Homan-La Roche, Nutley, N.J.), CJ Vlahos (Eli Lilly, Indianapolis, IN.), and AR Saltiel (Parke-Davis Pharmaceuticals, Ann Arbor, MI), respectively. Epidermal growth factor (EGF) was from IMCERA products.
Cell culture
CTLL-20 cells were grown as described previously (Monfar et al., 1995) . Cells were starved of IL-2 for 14 h before stimulation with IL-2 (100 U/ml) or PMA (100 ng/ml). Swiss 3T3 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 5% heat-inactivated fetal calf serum and 5% calf serum. NIH3T3 and NIH3T3-IR cells (kindly provided by Dr M Birnbaum) were grown in DMEM supplemented with 10% calf serum. Cells were grown to 80% con¯uence and made quiescent by transferring to serum-free media containing 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) pH 7.35 for 48 h (Swiss 3T3) or 24 h (NIH3T3 and NIH3T3-IR) and stimulated with insulin (100 nM), PDGF-BB (20 ng/ml), EGF (2.5 ng/ml), vanadate (100 mM), PMA (100 ng/ml), or calf serum (10%) for the times indicated in the ®gure legends. PI(3)K inhibition was performed by treating cells with wortmannin (100 nM) or LY294002 (50 mM), while control cells received vehicle (DMSO for wortmannin, ethanol for LY294002), for 20 min prior to stimulation. cPKC downregulation was performed by PMA treatment (100 ng/ml), or vehicle (DMSO) for control cells, for 16 h prior to mitogen addition. Successful downregulation was evaluated by showing failure of a second PMA administration to activate MAPK. MEK was inhibited by treating cells with PD098059 (100 mM) 30 min prior to stimulation
Antibodies
MAPK and pp70
S6k antibodies have been previously described (Chung et al., 1992) . The MAPK antibody recognizes both ERK-1 and 2 by Western blotting, and ERK 1 by immune-complex assay. MEK-1 antibodies were made to the carboxyl-terminal 20 amino acids of the published sequence of MEK-1 (Crews et al., 1992) .
Kinase assays and immunoblots
Cell free lysates were prepared as described previously . MAPK, pp70
S6k , and MEK-1 activity was measured by immune-complex assays performed as previously described (Chen and Blenis, 1990 ) using recombinant p90 RSK , ribosomal 40S subunits, or kinase inactive GST-MAPK as substrate, respectively. MEK direct assays were done as follows: 5 ml of cell lysate (generally 5 to 10 mg of protein by Bradford assay (Bradford, 1976) was incubated for 10 min at 308C in a reaction mixture containing 2 mg of kinase-inactive GST-MAPK, 10 mM MgCl 2 , 50 mM ATP (10 mCi [g-32 P]ATP), 20 mM HEPES, 0.1 mg/ml BSA, and 0.05 mg PKI, in a total volume of 30 ml. Reactions were stopped with an equal volume of 26 sample buer and analysed by SDS ± PAGE. Immunoblots were performed as previously described (Chung et al., 1992) .
Phosphoamino acid analysis
Swiss 3T3 cells were grown to 75% con¯uence and serumstarved on 60-mm-diameter dishes as described above. Cells were downregulated by PMA (100 ng/ml) treatment 16 h prior to stimulation. Four h prior to stimulation, cells were transferred to phosphate-free, serum-free DMEM also containing PMA (20 ng/ml) substituted with 2 mC [ 32 P]-phosphoric acid per plate. 20 min prior to stimulation, cells were treated with wortmannin (100 ng/ml) or vehicle (DMSO), and then stimulated with PDGF-BB (20 ng/ml) for the times indicated. Cells were washed twice with cold phosphate-buered saline, lysed (Blenis and Erikson, 1986) , and cleared by centrifugation for 10 min at 13 000 g. SDS was added to a ®nal concentration of 1%, boiled, and then diluted tenfold in Hermanns buer (1% Nonidet P-40, 0.5% deoxycholate, 100 mM NaCl, 10 mM tris, 1 mM EDTA). ERKs 1 and 2 were immunoprecipitated overnight at 48C, and separated by SDS ± PAGE. Gels were dried, and the bands representing ERKs 1 and 2 were quantitated by phosphorimaging, excised from the gel, and analysed by one-dimensional phosphoamino acid analysis as previously described (Boyle et al., 1991) .
GST-ERK 1 in vitro activation
Bacterially expressed GST-ERK 1 was incubated in a MEK-1 immune-complex assay for 60 min in the absence of radioactive ATP. GST-ERK 1 was then puri®ed using glutathione-sepharose beads as outlined by the manufacturer (Pharmacia).
GST-ERK 1 inactivation assay
Swiss 3T3 cells were lysed in 50 mM HEPES pH 7.6, 2 mM EDTA, 2 mM EGTA, 1% Triton-X, 0.27 M sucrose, 2 mM DTT, 10 mg/ml pepstatin, 10 mg/ml leupeptin, and 40 mg/ml phenylmethysulfony¯ouride. Lysates were cleared by 10 min centrifugation at 10 000 g at 48C. Active GST-ERK 1 was then added to the supernatant and incubated for 30 min at 48C. GST-ERK 1 was then puri®ed using glutathione sepharose, washed four times with Hermanns buer, and assayed for kinase activity against recombinant p90 RSK as previously described (Chen and Blenis, 1990 ).
